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ABSTRACT Developing ways to affordably deliver broadband connectivity is one of the major issues 
of our time. In challenging deployment locations with irregular terrain, fiber optic or traditional Clear-Line-
Of-Sight (CLOS) wireless links can be uneconomical to deploy, resulting from the number of required 
towers making infrastructure deployment unviable. With the emergence of new research focusing on 
developing wireless diffractive backhaul technologies to provide diffractive Non-Line-Of-Sight (NLOS) 
links, this paper evaluates the engineering-economic implications of such approaches. To quantify different 
technology strategies, a Three-Dimensional (3D) techno-economic assessment framework is presented to 
help prioritize regions for future investment in broadband connectivity, utilizing a combination of remote 
sensing and viewshed geospatial techniques. Such a method is an essential evaluation step prior to 
beginning detailed Radio Frequency (RF) Quality of Service engineering but has hitherto received less 
research attention in the literature. This framework is applied to assess both Clear-Line-Of-Sight and 
diffractive Non-Line-Of-Sight strategies for deployment in Peru, as well as the islands of Kalimantan and 
Papua, in Indonesia. The results find that a hybrid strategy combining the use of Clear-Line-Of-Sight and 
diffractive Non-Line-Of-Sight links produces a 15-43 percent cost-efficiency saving, relative to only using 
traditional Clear-Line-Of-Sight wireless backhaul links. The codebase is released opensource via the 
Engineering-Economic Evaluation of Non-Line-of-Sight Backhaul (e3nb) repository. 
INDEX TERMS Wireless, broadband; techno-economic, backhaul, geospatial.  
I. INTRODUCTION 
Task 9.c of the United Nation’s Sustainable Development 
Goals (SDGs) aims to provide universal affordable 
broadband to all by 2030 [1]. Over many decades, 
Information and Communications Technologies (ICTs) have 
been an important enabler of economic development, thus 
helping to deliver the SDGs, potentially lifting millions out 
of poverty. Hence, solving the digital divide by providing 
universal and affordable Internet access (SDG 9.c) is critical. 
One of the cheapest ways to provide internet access is to use 
wireless technologies, such as 4G cellular. While the access 
sites themselves can often be viably built, connecting these 
assets back into the internet can be a more challenging 
endeavor for providing coverage, particularly in mountainous 
areas [2], [3]. The connections between the access sites and 
the operator’s core network are generally called transport links 
or backhaul links [4].  
There are generally three different backhaul technology 
options, including fiber, microwave (wireless) and satellite. 
Fiber has the highest capacity, while also having the largest 
capital expenditure (capex) cost, resulting from the fact the 
technology can be slow to plan and deploy. Satellite has a 
lower capex and is much faster to deploy, but data costs are 
often prohibitive. Microwave offers the best intermediate 
combination of lower capex (relative to fiber), faster 
deployment, and lower data costs. In this paper we therefore 
focus on assessing microwave wireless capex. 
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On flat plains, wireless links can be used to backhaul traffic 
over long distances using a single pair of assets (potentially 
over 100 km, but more commonly below 45 km). Substantial 
data rates can be provided to users when Clear-Line-Of-Sight 
(CLOS) access is available. However, in situations where 
Clear-Line-Of-Sight is not possible, Mobile Network 
Operators (MNOs) have traditionally had to build additional 
relay sites and ‘hops’ to help connect remote places back into 
the nearest fiber Point of Presence (PoP), and the wider 
Internet [5]–[12]. This additional construction significantly 
affects the cost of delivery. Subsequently, the use of diffractive 
Non-Line-Of-Sight (NLOS) backhaul links could help to 
reduce the costs of deployment [13], [14], potentially enabling 
many more unconnected users to gain wireless broadband 
internet connectivity.  
Recently, multiple operators including Internet para Todos 
and Mayu Telecomunicaciones have started to include 
diffractive Non-Line-Of-Sight backhaul links into their 
production network. This provides motivation for this 
assessment.  
Planning Clear-Line-Of-Sight links requires large-scale 
computation of Line-of-Sight and Fresnel Zone Clearance for 
wireless backhaul design placing larger demands on 3D 
environment models [15]–[18] and pushing the frontiers of 
geospatial cellular network planning [19]–[26]. Clear-Line-
Of-Sight is particularly important for the use of millimeter 
wave spectrum which will become increasingly common over 
the next decade due to the large bandwidths being released by 
governments around the world [27]–[30].  
Clear-Line-Of-Sight backhaul (particularly using 
millimeter wave) is increasingly being proposed for use in 
small cells networks [31]–[33], but Non-Line-Of-Sight 
communication applications are also now emerging [34]–[40]. 
Analysis increasingly shows that high-frequency microwave 
technology can be used for Non-Line-Of-Sight wireless 
backhauling, opening up a range of new wireless applications 
[41], [42], one of which will be closing the rural digital divide.  
Established models exist for indoor Non-Line-Of-Sight (60 
GHz) connections but there has been less focus on outdoor 
Non-Line-Of-Sight applications for mobile cellular 
communications [43]. Increasingly spatial statistical channel 
modeling for wireless (4G/5G) backhaul networks is being 
undertaken for both Clear-Line-Of-Sight and Non-Line-Of-
Sight environments [44], combined with radio propagation 
measurement, simulation, and analytical results  [45]–[47]. 
Given this background information, the research question 
outlined for this analysis is as follows: 
 
What is the cost saving of integrating diffractive Non-
Line-Of-Sight wireless backhaul into least-cost network 
designs? 
 
This paper will contribute to the literature in multiple ways. 
Firstly, a 3D wireless techno-economic assessment method 
will be presented which advances the field by integrating 
remote sensing and viewshed techniques. Our aim is to 
develop a method which can obtain a broad view of the 
required investment to provide broadband services in a 
challenging deployment situation, as a precursor to doing 
detailed modeling on prioritized regions. Secondly, the 
method will be used to answer the research question and 
provide what is to our knowledge the first openly available 
techno-economic assessment of diffractive Non-Line-Of-
Sight wireless strategies.  
In the next section a review of network planning approaches 
is undertaken before a discussion of backhaul technologies is 
presented in Section III. The method is then articulated in 
Section IV, before Section V details how this method will be 
applied to a set of countries to answer the research question. 
The results are presented in Section VI, with the findings of 
the analysis discussed, and conclusions given, in Section VII.  
II.  Network planning approaches 
When designing a wireless backhaul network there are 
multiple different types of network planning approaches, with 
each set of techniques often related to the spatial scale of the 
assessment area. Figure 1 illustrates these three areas which 
comprise (i) regional level assessment, (ii) cluster level 
assessment and (iii) link level assessment, which will each 
now be reviewed.  
Technical guidance is provided by the International 
Telecommunications Union for the design of terrestrial 
wireless backhaul networks [48], including diffractive links 
[49], although this focuses mainly on the stages carried out in 
steps two and three (for cluster and link level assessment, 
respectively). There is generally little guidance provided on 
the first step focusing on higher level techno-economic 
business case analysis, with little information shared between 
operators as this is viewed as providing competitive 
advantage.  
Firstly, when developing a greenfield strategy for 
unconnected areas high-level evaluation of regional options 
must be undertaken to help prioritize strategic investments into 
different areas. Within this process a general understanding of 
the demand and supply factors which affect the network 
investment must be quantified. For example, for insight on 
potential demand, a set of data layers are required to estimate 
population settlements, along with any available demographic 
information, to quantify potential revenue. Whereas for insight 
regarding the supply cost, estimated network designs are 
required to broadly quantify the engineering cost of delivering 
potential wireless broadband services.  
Secondly, once regions have been selected for investment, 
cluster level analysis is then required which implements 
intermediate-fidelity simulations to support network design 
evaluation [50], [51]. This includes estimating the frequency 
channels to be deployed along with any bitrate targets aimed 
at different settlement types [52].  
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Figure 1 Wireless network planning approaches 
 
Finally, high-fidelity local simulations are the last step 
before building the network, with the focus being to optimize 
the Radio Frequency (RF) engineering parameters to provide 
the desired Quality of Service (QoS) [53]–[55], such as the 
antenna designs, tower heights, potential pathloss and any 
required margins [56], [57]. There are a variety of software 
tools available on support these different steps, from regional 
assessment tools such as the one presented in this paper 
(e3nb), to proprietary local simulation software such as 
Pathloss ™, aToll, EDX etc.    
III. BACKHAUL TECHNOLOGIES 
There are a variety of backhaul technologies which are used 
throughout the cellular industry. Recent data from the mobile 
operator industry association GSMA estimates that the 
backhaul technologies in use across different regions can 
differ quite dramatically, being driven by the income level of 
the potential users [58]. 
For example, over 70% of cellular sites in North America 
have fiber backhaul connectivity, compared to roughly 20% in 
Latin America. This pattern is reversed when considering 
wireless backhaul methods, where North America has 
approximately 25% of towers connected via these means, 
compared to 80% in Latin America. There are consequential 
impacts on the Quality of Service which can be provided to 
users are a result of these differences. However, wireless 
approaches provide a significant reduction in the deployment 
cost which is useful when the Average Revenue Per User is 
substantially lower.  
Currently, the design and deployment of microwave 
wireless backhaul overwhelmingly relies on using Clear-Line-
Of-Sight to exchange data in a cost-efficient manner over large 
distances, with well-known design and deployment 
workflows. For example, see reference [59]. While diffraction 
is a known phenomenon [49], practical guides caution 
network designers and engineers that empirically measured 
diffraction is much worse than the analytical prediction. 
Further, there is only limited material that gives guidance on 
antenna alignment to optimize link quality in diffracted paths, 
highlighting the need for further research in this area. As we 
showed previously via real-world measurements [13], [14], 
antenna alignment is a very important factor. Figure 2 provides 
an illustrative example of this CLOS-focused design-and-
deployment workflow, where common deployment methods 
involve mounting antenna on erected towers at heights which 
allow ~60% Fresnel Zone clearance from the boresight radio 
path. For those locations which are unable to achieve a direct 
Clear-Line-Of-Sight, a relay tower (or series of towers) may 
need to be erected, providing the additional complications of 
power availability and transportation of necessary materials 
and equipment.  
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Figure 2 Options for planning wireless backhaul links 
 
Recent research has focused on assessing the feasibility of 
using diffractive Non-Line-Of-Sight backhaul connections to 
help drive down the cost of connecting rural and remote 
locations, as links are able to ‘hop’ over knife-edge diffraction 
points without the need for addition relay towers 
IV. METHOD  
Two wireless backhaul strategies are assessed which include 
the cost of using either (i) CLOS entirely, or (ii) a mixture of 
CLOS and NLOS. Using a set of deployment rules, it is 
possible to assess the potential effectiveness of these strategies 
given population density and terrain irregularity deciles for 
different locations. Firstly, Strategy 1 aims to deploy only 
Clear-Line-Of-Sight links using knowledge of all settlements 
which require connecting back into a major settlement using 
wireless means. Secondly, Strategy 2 takes a similar approach 
but instead utilizes a hybrid deployment of both Clear-Line-
Of-Sight and diffractive Non-Line-Of-Sight technologies. 
This strategy will always preference Clear-Line-Of-Sight 
links but attempt to use a diffractive Non-Line-Of-Sight 
approach as a last resort, enabling a single link over a “knife-
edge” diffraction point.  
The codebase supporting this method is openly available 
from the Engineering-Economic Evaluation of Non-Line-Of-
Sight Backhaul (e3nb) [60]. 
A set of least-cost infrastructure design algorithms are 
developed and applied within a geospatially-explicitly 
simulation framework. A set of preprocessing steps are 
required to first manipulate the data into the correct format 
before running the two different strategies. This begins with 
identifying settlements, which in this analysis are defined as 
any area having more than 50 inhabitants per km2, with an 
overall total of 100 inhabitants. Then it is necessary to find the 
nearest major settlement which has over 20,000 inhabitants, 
and therefore strong economics for existing digital 
connectivity, including a fiber Point-of-Presence (PoP) which 
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Figure 3 Flow diagram for CLOS  
 
These two steps provide the nodes to connect (small 
settlements) and the nodes to route traffic to (major 
settlements). Spatial autocorrelation issues can arise due to 
artificial statistical boundaries, therefore in such spatial 
statistical problems it is wise to generate bespoke spatial 
boundaries which best represent the problem being modeled. 
Consequently, a set of ‘modeling regions’ are defined which 
consist of merging local areas to ensure each has a least one 
major settlement to route data traffic to. This is achieved by 
taking the straight-line route from each local settlement to a 
major settlement, creating a union of any statistical areas 
which these lines intersect with. Once defined, it is possible to 
connect all settlements within each modeling region by fitting 
a minimum spanning tree based on Dijkstra's algorithm. Thus, 
the shortest potential path is estimated to create a least-cost 
network structure that connects all nodes in each modeling 
region. 
A final preprocessing step estimates CLOS probability for 
various terrain types over different distances. Firstly, as a 
preparatory step, any target country is divided into 50x50 km2 
grid tiles, with each tile therefore covering a 2500 km2 area. 
Based on the Longley-Rice Irregular Terrain Model, a terrain 
irregularity parameter is extracted for each tile. To obtain this 
metric, elevation data are extracted from a Digital Elevation 
Model enabling the inter-decile range of terrain elevation 
values to be obtained. The Longley-Rice Irregular Terrain 
Model is a classic radio propagation model and capable of 
estimating signal propagation effects resulting from irregular 
terrain [61]–[63]. Once this parameter has been estimated for 
the whole country grid, the dataset is split into deciles and a 
sampling area from each decile is randomly selected. This area 
is then converted to a 2.5x2.5 km2 grid to enable a random 
point to be selected every 6.25 km2. A viewshed is then 
computed using Python via the Geographic Resources 
Analysis Support System (GRASS) package to estimate the 
LOS for every sample point, to every other point within a 
maximum of 45 km2, based on mean tower heights of 30 
meters. This exercise produces a lookup table of the LOS 
probability given a particular terrain decile over a specific 
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Figure 4 Flow diagram for NLOS 
 
It is then possible to iterate through each routing path 
between settlements. A two-step viewshed computation 
approach is taken. For each routing path estimated during 
preprocessing, a viewshed is explicitly carried out, and if a 
new relay tower needs to be built (as per Figure 3 and Figure 
4), the LOS of this new asset is based on a probability derived 
from the lookup table. This approach balances the first-order 
precision of computing a specific viewshed, with the 
computational speed of using a probability for any second-
order links that need building.  
A mean tower height of 30 meters is used to run the 
viewshed processing, to establish LOS. If the result of the 
viewshed processing for a particular route is Clear-Line-Of-
Sight, the flowchart in Figure 3 is used to determine the correct 
set of procedures for broadly assessing network design.  
Firstly, the region under evaluation is allocated an ITU 
determined rain region to account for air moisture effects on 
propagation [64]. For a high, moderate, or low rain region the 
maximum Clear-Line-Of-Sight paths are defined for this high-
level analysis purpose as 15, 30 and 45 kilometers, 
respectively. Three sets of backhaul operating frequencies are 
then considered depending on the link distance, with 8, 15, and 
18 GHz licensed backhaul to be used for distances under 45, 
20 and 10 kilometers respectively (given a preference for 
using lower frequencies over longer distances thanks to better 
propagation characteristics, and vice versa).  
To determine tower height, the presence of foliage is then 
assessed using remote sensing techniques using globally 
available satellite data layers. Areas with more than 20% 
foliage cover are treated as having a higher probability of 
requiring additional Fresnel clearance (for the remote rural 
area focus of this assessment), as defined in TABLE 1 by link 
distance and frequency. If foliage is present, an additional 10 
meters in height is added for the Fresnel clearance. Finally, the 
total tower height is equal to the Fresnel clearance plus an 
additional two meters, given antennas cannot be mounted 
directly on top of erected towers. Smaller tower heights are 
cheaper as they use fewer materials, as per the costs presented 
in Table 2, but in a worst-case situation a 30-meter tower can 
be erected cheaply with a freestanding structure using no guide 
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No Foliage Foliage 
<10 km 6 to 8 GHz 15 m 25 m 
<10 km 11 to 15 GHz 13 m 23 m 
<10 km 15 to 18 GHz 12 m 22 m 
10-25 km 6 to 8 GHz 19 m 29 m 
10-25 km 11 to 15 GHz 16 m 26 m 
10-25 km 15 to 18 GHz 13 m 23 m 
25-40 km 6 to 8 GHz 19 m 29 m 
25-40 km 11 to 15 GHz 16 m 26 m 
25-40 km 15 to 18 GHz 13 m 23 m 
 
 
To connect each settlement into the wireless backhaul 
network, a pair of Point-to-Point (PtP) radios and parabolic 
backhaul antennas are required, along with the civil 
engineering costs of building a tower with a suitable power 
system. Full item costs are reported in Table 2. As well as 
scaling the cost based on the required tower height needed to 
clear the tree canopy, the link distance affects the size of the 
required parabolic antennas, ranging from 0.6 meters for under 
10 kilometers, up to 1.8 meters for links at the maximum 
distance of 45 kilometers.  
Similarly, if a routing path is determined to be diffractive 
Non-Line-Of-Sight based on the viewshed computation 
carried out, the flow diagram process illustrated in Figure 4 is 
used. The key differentiator is that much smaller maximum 
path distances are used. Link distance are as short as 5 
kilometers in high rain regions, as we use a higher fade margin 
to represent greater uncertainty and therefore more 
challenging QoS conditions when using an NLOS link [12]. In 
both cases, if the link is over the maximum distance, a relay 
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tower is required, which is the key cost driver and the reason 
why Clear-Line-Of-Sight approaches have poor cost 
efficiency in hard-to-reach areas.  
As a high-level planning approach is adopted here, we 
assume any diffractive Non-Line-Of-Sight link crosses a 
single diffracting obstacle and that the diffracting angle is 
shallow (between 177-180 degrees). Given the shorter 
maximum path lengths stated for diffractive Non-Line-Of-
Sight, this is a feasible expectation and helps to provide 





Equipment Item Caveats Cost (USD) 
Two PtP radios (all-ODU, 
high power, licensed bands) 
- 6,000 
Two 0.6 m PtP parabolic 
antennas 
Link distances: <10 km 600 
Two 0.9 m PtP parabolic 
antennas 
Link distances: 10 – 20 
km 
1,200 
Two 1.2 m PtP parabolic 
antennas 
Link distances: 20 – 30 
km 
2,400 
Two 1.8 m PtP parabolic 
antennas 
Link distances: 30 - 45 
km 
4,800 
Single 10m Tower  
(materials and construction) 
Tower heights: <10 m 10,000 
Single 20m Tower  
(materials and construction) 
Tower heights: 10-20 
m 
20,000 
Single 30m Tower  
(materials and construction) 
Tower heights: 20-30 
m 
30,000 
Site survey and acquisition - 2,400 
Single site installation and 
field validation 
- 10,000 





Two countries are used to apply the method described here, 
including Indonesia and Peru. In Indonesia, we focus on two 
of the largest islands (Kalimantan and Papua) and in Peru we 
assess the whole country. Kalimantan has a population of 
approximately 17 million inhabitants and is growing in 
importance due to the capital of Indonesia being relocated 
there from Jakarta. Internet access already exists in the major 
urban settlements but is scarcely available in rural areas. Papua 
has approximately 3.4 million inhabitants with much of the 
island unconnected by broadband connectivity at all. In 
contrast, Peru has an approximate population of 33 million 
inhabitants and while there is broadband access in all major 
urban areas, connectivity is progressively poorer as the 
country stretches from the western coast eastwards. This is 
driven by the challenging terrain in the Andes mountain range, 
as well as the thick rainforest tree canopy in the Peruvian 
Amazonia region. 
Regional boundaries are obtained from the Database of 
Global Administrative Areas (GADM) [65]. Level 2 regions 
produce 90 statistical areas for Indonesia (Kalimantan and 
Papua) and 195 Peru. After preprocessing, this results in 58 
modeling regions for the two Indonesian islands and 95 for 
Peru. Next, a global 1 km2 population layer is obtained from 
WorldPop [66], [67] and used to derive the settlement point 
layer for network routing to major settlements.  
Various remote sensing layers are integrated because they 
provide globally available data inputs for establishing terrain 
and vegetation cover. This is important for model scalability, 
as future users of the open-source e3nb codebase [60] may 
wish to apply the capability to new countries (thus, minimal 
code changes would be required).  
Global Multi-resolution Terrain Elevation Data (GMTED) 
(2010) is used  as the Digital Elevation Model, available from 
the US Geological Survey as a raster data layer (.tif) [68]. To 
identify vegetation presence, the NASA Moderate Resolution 
Imaging Spectroradiometer (MODIS) data layer is obtained 
which estimates the proportion of vegetation cover from high-
resolution imagery (.tif) [69].  
After running the preprocessing steps for each country to 
obtain the LOS lookup, a set of probabilities can be used for 
Clear-Line-Of-Sight availability over different distances in 
each country, given ten different terrain irregularity types. 
Decile 1 has the least terrain irregularity, and Decile 10 the 
most. The results are reported in Figure 5. The complement of 
the Clear-Line-Of-Sight probability is the Non-Line-Of-Sight 
probability. Therefore, in Decile 1 the simulation results 
indicate almost a 100% probability of Clear-Line-Of-Sight 
(thus, a 0% probability of Non-Line-Of-Sight), whereas in 
Decile 10 there is a much smaller chance of a Clear-Line-Of-
Sight link being feasible, depending on the distance. 
Generally, the LOS is quite similar in both countries for the 
lower and upper deciles, although in the middle of the 
distribution Peru has more irregular terrain (hence, the Clear-
Line-Of-Sight probabilities are lower in deciles 6-8). The 
results of the applied method can now be reported.  
VII. RESULTS 
A key contribution of this approach is in helping to prioritize 
areas of future investment, thanks to an explicitly spatial 
methodology. Therefore, as an example of the different 
network designs produced for the techno-economic 
assessment, Figure 6 provides a regional illustration for a 
mountainous rural area in Peru. Identified settlements are 
plotted in red, with required towers plotted in yellow, and the 
least-cost network design connecting all settlements in blue. 
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Figure 6 Example visualization of network designs 
 
The modeling region contains a city of approximately 
30,000 inhabitants called Chachapoyas, surrounded by many 
smaller settlements ranging from 5,000 down to only 250 
inhabitants. While the main city has cellular connectivity, 
surrounding settlements have very little access. Challenging 
deployment conditions result from low Average Revenue Per 
User and modest adoption on the demand-side, combined with 
highly irregular terrain affecting the supply-side, as traditional 
Clear-Line-Of-Sight wireless connectivity becomes very 
expensive as many more towers may need to be built.  
 In the strategy which utilizes only Clear-Line-Of-Sight 
links, an estimated 146 towers are required to build a regional 
wireless backhaul network which can connect all settlements 
in Figure 6, based on the conservative planning criteria which 
the high-level evaluation method defined. In contrast, for a 
hybrid strategy which can deploy a mixture of Clear-Line-Of-
Sight and diffractive Non-Line-Of-Sight links, an estimated 
69 towers are required. This leads to significant investment 
ramifications for unconnected areas. 
The cumulative cost of each strategy is now reported for 
both strategies for the full assessments of Kalimantan and 
Papua in Indonesia, and Peru. Figure 7 illustrates the 
cumulative cost results by country reported using the 
population density (A) and terrain irregularity (B) deciles.  
The sets of plots in Figure 7 allow the y-axis to vary, 
enabling the main differences between the two different 
strategies to be visualized more effectively. In Kalimantan, 
Indonesia, the cost of serving the settlements identified 
reaches approximately $160 million using CLOS, compared 
to $141 million with a hybrid approach, equating to a 15 
percent saving. In contrast, Papua in Indonesia, produced a 
Clear-Line-Of-Sight estimate for serving the identified 
settlements of $147 million, relative to $85 million with a 
hybrid approach, leading to a 42 percent cost saving. Finally, 
in Peru, the national cost of using Clear-Line-Of-Sight to 
connect all identified settlements is approximately $683 
million, considerably more than the $387million estimated 
using a hybrid strategy, delivering a 43 percent saving.  
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Figure 7 Cumulative cost results reported by population density and terrain irregularity 
 
These results demonstrate that cost savings produced by 
deploying diffractive NLOS wireless backhaul links are 
correlated with the terrain irregularity. For example, in Figure 
7 there is a minimal difference between the strategies when 
areas are sorted by population density deciles (even in the 
hardest-to-reach least-populated market segments). However, 
this contrasts with the difference in the cumulative cost in the 
final deciles when sorting by terrain irregularity deciles. Papua 
in Indonesia provides a good example of this effect. CLOS-
only approaches rise rapidly in cost in the final three deciles as 
the terrain irregularity increases, whereas there is a much more 
modest increase in cost when using a hybrid approach with 
diffractive NLOS links, as fewer towers are required to cover 
the same difference.  
In mountainous areas, this highlights the general challenge 
of serving settlements which exist in the bottom of valleys, 
when the most cost-efficient route for wireless connections is 
to hop directly between them. With Clear-Line-Of-Sight this 
inevitably requires multiple towers, whereas in certain 
circumstances diffractive Non-Line-Of-Sight links makes this 
possible (even if links must be under distances as short as 5 
kilometers). The contributions of this paper can now be 
revisited in the following conclusionary section. 
VIII. CONCLUSION AND CLOSING REMARKS 
In this paper several key contributions have been made to the 
literature. Firstly, while there are a variety of different steps in 
network planning, most of the papers in the engineering 
literature have understandably focused on assessing QoS at the 
cluster or link level, whereas this approach focused on 
advancing initial high-level assessment in a spatially explicit 
way. For example, a techno-economic assessment framework 
was presented which can be used to help prioritize regions for 
future investment for broadband connectivity, utilizing a 
combination of remote sensing and viewshed geospatial 
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techniques. The method balances detailed estimations using 
viewsheds with the computational efficiency of using 
probability-based Line-Of-Sight for different terrain types.  
Secondly, this paper contributed an assessment of different 
wireless backhaul strategies based on (i) a traditional Clear-
Line-Of-Sight approach versus (ii) a hybrid technology 
approach using Clear-Line-Of-Sight where possible with 
diffractive Non-Line-Of-Sight as a backup in challenging 
terrain situations. Given the emergence of diffractive Non-
Line-Of-Sight wireless backhaul research, to our knowledge 
this is one of the first techno-economic assessment of this 
technology for backhaul links, which is therefore of 
substantial relevance to Mobile Network Operators, 
governments and other agencies interested in providing 
equitable broadband connectivity across society. The fact that 
the results estimate a cost saving of approximately 15-43 
percent is encouraging. Indeed, spare capital from this 
efficiency can effectively be reallocated into connecting more 
unconnected users, helping to reduce the billions of people 
globally yet to access a decent broadband service.  
All research has limitations. Therefore, it is important to 
identify shortcomings as they serve as important areas of 
future research. To begin, the least-cost routing paths were 
exogenously fixed within this assessment to improve the 
efficiency of the codebase. This means that the network 
designs do not provide an optimal solution due to the 
complexity in undertaking such a high-dimensional task. 
Future research needs to take advantage of greater computing 
resources to explore the ramifications of these simplifications, 
and indeed to explore the use of stochastic spatial simulation 
methods which could help actively explore potential tower 
placement along a routing path corridor. These advancements 
may help to refine the cost estimates used here.  
Moreover, this assessment work focused only on including 
terrain irregularity effects via a Digital Elevation Model but 
did not include surface blockage effects (e.g., via a Digital 
Surface Model). Thankfully, these types of blockages from 
buildings are less relevant given the focus on rural and remote 
network design applied here, but there could still be foliage 
blockages which exceed the margins provided based on the 
lookup table approach taken. Thus, future research needs to 
attempt to quantify canopy height using remote sensing 
methods, to address this area of uncertainty in the network 
planning designs.  
The assessment framework presented here provides a 
starting point for detailed 3D wireless techno-economic 
backhaul planning, but such endeavors will require close 
collaboration with network operators. Traditionally, techno-
economic assessment does not consider 3D effects, focusing 
only on two-dimensional distance impacts. Research to further 
develop the e3nb codebase [60] should focus on working in 
close partnership with operators to gain input on the 
classification and prioritization of settlements, and 3D 
network design process for different wireless backhaul 
technologies.  
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